Panic disorder is a severe anxiety disorder characterized by susceptibility to induction of panic attacks by subthreshold interoceptive stimuli such as 0.5 M sodium lactate infusions. Although studied for four decades, the mechanism of lactate sensitivity in panic disorder has not been understood. The dorsomedial hypothalamus/perifornical region (DMH/PeF) coordinates rapid mobilization of behavioral, autonomic, respiratory and endocrine responses to stress, and rats with disrupted GABA inhibition in the DMH/PeF exhibit panic-like responses to lactate, similar to panic disorder patients. Utilizing a variety of anatomical and pharmacological methods, we provide evidence that lactate, via osmosensitive periventricular pathways, activates neurons in the compromised DMH/PeF, which relays this signal to forebrain limbic structures such as the bed nucleus of the stria terminalis to mediate anxiety responses, and specific brainstem sympathetic and parasympathetic pathways to mediate the respiratory and cardiovascular components of the panic-like response. Acutely restoring local GABAergic tone in the DMH/PeF blocked lactate-induced panic-like responses. Autonomic panic-like responses appear to be a result of DMH/PeF-mediated mobilization of sympathetic responses (verified with atenolol) and resetting of the parasympathetically mediated baroreflex. Based on our findings, DMH/PeF efferent targets such as the C1 adrenergic neurons, paraventricular hypothalamus, and the central amygdala are implicated in sympathetic mobilization; the nucleus of the solitary tract is implicated in baroreflex resetting; and the parabrachial nucleus is implicated in respiratory responses. These results elucidate neural circuits underlying lactate-induced panic-like responses and the involvement of both sympathetic and parasympathetic systems.
INTRODUCTION
A 'panic' response is a normal physiological survival reflex in humans (Stein and Bouwer, 1997) and can be elicited by either an exteroceptive-or interoceptive-cue perceived as life-threatening (Street et al, 1989; Ehlers and Breuer, 1996) . Panic disorder is a severe anxiety disorder characterized by recurrent panic attacks, consisting of pronounced fear, as well as cardiovascular and respiratory responses (DSM-IV, 1994) . The initial pathology in these patients appears to be an alteration somewhere in the central neural pathways regulating normal panic responses, thus rendering the patients susceptible to unprovoked panic symptoms when exposed to ordinarily mild interoceptive stressors (Vickers and McNally, 2005) . This is supported by findings that panic disorder patients, but not healthy controls, are hyperresponsive to normal interoceptive cues (Hoehn-Saric et al, 2004; Pollock et al, 2006) , and are also susceptible to induction of panic attacks by interoceptive stimuli such as intravenous (i.v.) 0.5 M sodium lactate infusions and 7.5% CO 2 inhalations (Liebowitz et al, 1986; Gorman et al, 1994) . In light of this, these specific interoceptive challenges that fail to induce panic-like responses in healthy controls are often referred to as 'subthreshold' interoceptive challenges.
Removal of local tonic g-amino butyric acid (GABA)-mediated inhibition in the dorsomedial hypothalamic/ perifornical region (DMH/PeF) in rats results in rapid mobilization of a response characterized by behavioral, autonomic, respiratory, and endocrine components of panic-like responses (see review (DiMicco et al, 2002) ). In light of this, Shekhar and colleagues developed an animal model of panic disorder where chronically inhibiting GABA synthesis in the DMH/PeF of rats leads to heightened anxiety and panic-like responses following exposure to i.v. infusions of 0.5 M sodium lactate (Shekhar et al, 1996; Shekhar and Keim, 1997; Johnson and Shekhar, 2006) or 7.5% CO 2 inhalation (Fitz et al, 2003) .
Although 'osmosensitive' circumventricular organs (CVOs) such as the organum vasculosum of the lamina terminalis (OVLT) appear to be critical for relaying the lactate signal to the DMH/PeF (Johnson and Gross, 1993; Shekhar and Keim, 1997; Thompson and Swanson, 1998) , the specific regions of the DMH/PeF involved and the downstream neural pathways through which this signal is propagated to behavioral centers to induce anxiety and elicit increases in heart rate (HR), mean arterial blood pressure (MAP) and respiration rate (RR) are poorly understood. Since evidence from previous studies suggested that disinhibiting the DMH elicits cardioexcitatory responses by mobilizing sympathetic outflow (see review (DiMicco et al, 2002) ) and resetting the sensitivity of the baroreflex, which is parasympathetically mediated (see review McDowall et al, 2006) , we hypothesized that disinhibition of the DMH/PeF alters lactate-induced behavioral, respiratory, and cardiovascular responses through efferent targets involved in central sympathetic and parasympathetic autonomic control (Dampney, 1994; Thompson and Swanson, 1998; Fontes et al, 2001) .
To identify neural pathways involved in sodium lactateinduced panic-like responses, including specific regions of the DMH/PeF, we studied the effects of sodium lactate or vehicle infusions in rats with prior infusions of the GABA synthesis inhibitor L-allylglycine (L-AG; 2-amino-4-pentenoic acid, an inhibitor of glutamic acid decarboxylase), or the inactive isomer D-allylglycine (D-AG: controls), into the DMH/PeF. We then utilized a variety of immunohistochemical techniques to investigate immediate-early gene (c-Fos) induction in neurochemically and anatomically identified neuronal populations. We also conducted site-specific pharmacological interventions to confirm the involvement of these pathways.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (300-350 g; Harlan Laboratories, Indianapolis, IN) were used in all experiments and were housed individually in plastic cages under standard environmental conditions (221C; 12/12 light/dark cycle; lights on at 0700 hours) for 7-10 days prior to the surgical manipulations. Food and water were provided ad libitum. Animal care procedures were conducted in accordance with the NIH Guidelines for the Care and Use of Laboratory Animals (NIH Publication no. 80-23) revised 1996 and the guidelines of the IUPUI Institutional Animal Care and Use Committee.
Surgical Procedures
For experiments 1 and 4, rats were anesthetized with an isoflurane system (MGX Research Machine; Vetamic, Rossville, IN). MAP and HR were measured by a femoral arterial line connected to a telemetric probe which contained a pressure transducer (Cat. no. C50-PXT, Data Science International (DSI) St. Paul, MN) and monitored by DSI DATAQUEST software. For experiments 2 and 3, MAP, HR, and RR were monitored by a femoral arterial line attached to a pressure transducer connected to a Beckman R511 Dynograph (Beckman Instruments Inc., Fullerton, CA). In experiments 1 and 4, the HR and MAP data are changes in HR and MAP from the average of the baseline (tÀ5 to tÀ1) from each rat over 20 min. In experiments 2 and 3, the data are expressed as peak changes in HR or MAP, which was defined as the highest value sustained for over 1 min. All rats were fitted with venous catheters for i.v. infusions.
After 3 days of recovery, rats were tested for baseline cardiovascular and respiratory responses to lactate, then anesthetized and T-shaped 26-gauge cannulae (Cat. no. 3260PG, Plastics One, Ranoake, VA) were directed at cardioexcitatory regions of the DMH (Samuels et al, 2004) based on the following stereotaxic coordinates relative to bregma (using a 101 angle from the vertical plane with the incisor bar set at + 5 mm were: anterior À1.2 mm, lateral + 2.5 mm and ventral + 7.0 mm. A total of 50 pmol per 100 nl of bicuculline methiodide (BMI), a GABA A receptor antagonist, was injected through the vertical arm of the cannula to ascertain that the tip of the cannula was placed in a cardioexcitatory region (ie where BMI elicits X50 beats per min in HR). This microinjection commenced following an B10 min stable baseline in HR and MAP. The cannulae were then retracted and filled with either L-or D-AG solution, then redirected to the previous coordinates. The osmotic minipumps (DURECT Corp., Cat. no. 2002) were then attached to the cannula with PE-60 tubing and sutured into place subcutaneously at the nape of the neck. The concentration of the solutions in the minipumps was such that 3.5 nmol per 0.5 ml per hour of L-or D-AG was infused into the DMH region over 5 days prior to i.v. infusions. Previous studies have determined that the dose of L-AG utilized here reduces local GABA concentrations by approximately 60% following unilateral infusions (based on microdialysis study (Abshire et al, 1988) , and enzyme assays Shekhar et al, 1996; Shekhar and Keim, 1997; Shekhar et al, 2006) , and supported by immunohistochemistry , and increases anxiety-like behavior (ie as measured by the social interaction (SI) test, and elevated plus-maze (EPM)) without increasing cardiorespiratory responses Shekhar et al, 1996; Shekhar and Keim, 1997; Shekhar et al, 2006) .
Sodium Lactate Infusion
A total of 5 days following stereotaxic surgery, rats randomly received i.v. infusions of 0.5 M sodium lactate or 0.9% saline over 15 min, similar to clinical lactate infusions (Liebowitz et al, 1986) . Cardiorespiratory responses were recorded continuously for 5 min prior to infusion (baseline) until 15 min following the onset of sodium lactate infusion.
Social Interaction Test
The SI test was utilized to measure anxiety-like behavior. This test was chosen for the following reasons: (1) the SI test is a fully validated test of experimental anxiety-like behavior in rats (File, 1980) and (2) the dose of L-AG used here increases anxiety-like behavior as measured by the SI test and also other measures of anxiety such as the EPM (Shekhar et al, 1996) . Consequently, the SI test may be a sensitive measure of an increase in anxiety-like state following intra-DMH infusions of L-AG. The SI test procedure as used in our laboratory has been described previously (Shekhar and Katner, 1995; Johnson and Shekhar, 2006) . See also Supplementary methods for detailed description.
Experiment 1: cellular responses in L-AG or D-AG-treated rats following lactate or saline challenge. Results from experiment 1 are derived from the same rats that were used in a previous report . We have previously reported maximum changes in MAP and HR following vehicle or sodium lactate infusion in these L-AGand D-AG-treated rats ) but here we describe the detailed time course of these responses. We have also previously reported effects of treatment on anxiety-related behavior in the SI test . Here, we describe changes in RR which have not been reported previously. Here, we also describe correlations between MAP, HR, RR, and behavioral scores in the SI test and c-Fos expression within specific brain regions in order to gain insight into the potential pathways mediating these responses. Finally, we have previously reported data from series of brain sections of the DMH/PeF region stained or immunostained with (1) methyl green, (2) GABA, (3) c-Fos combined with the NR1 subunit of the N-methyl-D-aspartate (NMDA) receptor, and (4) c-Fos combined with the GluR2, 3 subunit of the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptor. Here, we examine c-Fos expression, in combination with specific neurochemical markers, in the efferent pathways of the DMH/PeF region that are believed to be responsible for the autonomic and behavioral responses to sodium lactate in intra-DMH/PeF L-AG-treated rats.
Perfusion
Methods for perfusion and for verification of cannulae placements in experiment 1 have been described previously . Briefly, L-AG and D-AG rats received i.v. infusions of either lactate or saline vehicle over 15 min (n ¼ 6/group) were immediately tested in the SI test, then anesthetized and perfused with a 4% paraformaldehyde per 1.5% sucrose solution and processed for immunohistochemistry 90 min following the onset of the i.v. infusions as described previously . In the present study, four of the six alternate sets of 30 mm coronal brain sections were stained, one set each for c-Fos (full brain), c-Fos/tyrosine hydroxylase (TH, brainstem only), c-Fos/choline acetyltransferase (ChAT, medulla only), c-Fos/GAD67 (medulla only) and c-Fos/neuronal marker n (NeuN, midbrain only)). Immunostaining of TH, ChAT and GAD67 was done to identify catecholaminergic (ie norepinephrine-and epinephrine-synthesizing), acetycholinergic and GABAergic neurons, respectively. Noradrenergic (norepinephrine-synthesizing) and adrenergic (epinephrine-synthesizing) cell groups in the brainstem were defined according to a standard stereotaxic atlas of the rat brain (ie (Paxinos and Watson, 1997) ) as described previously (Johnson et al, 2005) .
Single/double Immunohistochemistry
We used immunohistochemical staining for c-Fos, in the presence or absence of other neurochemical markers, to identify specific brain regions involved in responses to L-AG and sodium lactate. Measurement of c-Fos expression is a useful method of identifying functional cellular responses among large populations of neurons in the CNS. Despite some limitations, for example, (1) a lack of cellular c-Fos induction does not necessarily imply a lack of neuronal responses, and (2) measurement of c-Fos expression is not likely to reflect different levels of increased neuronal activity or subtle differences in the patterns of neuronal firing, this technique has been a useful tool in the functional mapping of neural circuitry mediating or modulating many stimuli, including stress-related stimuli (reviewed in Herman et al, 1996; Herman and Cullinan, 1997; Senba and Ueyama, 1997; Kovacs, 1998) .
Due to the detailed rostrocaudal analyses of c-Fos double immunostaining, chromogens were utilized in place of immunofluorescence. Although fluorescence immunostaining is critical when co-localizing two or more cytoplasmic or nuclear substrates, two chemical substrates can be co-localized using chromogen reactions when one is nuclear and the other cytoplasmic or membrane associated. The use of chromogens, vs fluorescence, also allowed detailed and repeated analyses of archived slides and does not suffer from a reduced signal following routine imaging as is the case with fluorescence. Furthermore, white matter fiber tracts, which serve as anatomical landmarks for identification of the specific rostrocaudal levels for analysis, are easier to locate using sections with chromogen-based immunostaining. Immunostaining for c-Fos protein was accomplished using primary antiserum directed against c-Fos (rabbit anti-c-Fos-polyclonal, affinity-purified antibody, Cat. no. PC38, Ab-5, Calbiochem, San Diego, CA, USA; diluted 1 : 10 000) as described previously (Johnson et al, 2005) . The chromogen for immunostaining of c-Fos was SG (Cat. no. SK-4700, Vector Laboratories, Burlingame, CA, USA) and the reaction was run for 20 min.
For double immunostaining, immunostaining of c-Fos protein was done first and then, after the first chromogen reaction had been quenched using 1% H 2 O 2 , immunostaining of TH, ChAT, GAD67, or NeuN protein immunostaining was done second using primary antibodies/antiserum directed against c-Fos (as above) then TH (rabbit anti-TH-polyclonal, affinity-purified antibody, Cat no. B1562, Chemicon, Temecula, CA, USA; diluted 1 : 10 000), ChAT (sheep anti-ChAT polyclonal, antiserum, Cat. no. AB1582, Chemicon, diluted 1 : 5000), GAD67 (mouse anti-GAD67, monoclonal affinity-purified antibody, Cat. no. AB5406, Chemicon, diluted 1 : 1500), or NeuN (mouse anti-NeuN monoclonal affinity-purified antibody, Cat. no. MAB377, Chemicon, diluted 1 : 10 000) using standard immunohistochemical methods as described previously (Johnson et al, 2005) and as described in Supplementary methods.
Data Generation from Immunohistochemistry
Brain regions analyzed for the number of c-Fos-ir nuclei were chosen based on previous studies implicating them in fear circuitry (Singewald and Sharp, 2000; Singewald et al, 2003) and central autonomic and/or osmotic regulation (see reviews Johnson and Gross, 1993; Dampney, 1994) . Cell counts for each brain region are based on cell counts from a single brain section from each rat from each treatment group. Each brain section was selected to represent the specific rostrocaudal level, with reference to distance from bregma using a standard stereotaxic atlas of the adult rat brain (Paxinos and Watson, 1997 ) (see also Supplementary Figure S1 ). In cases, where a specific brain region is represented bilaterally, the cell counts for the left and right sides were pooled for a single measurement. Details on data generation from single and double IHC are available in the Supplementary methods.
Statistical Analyses
Each dependent variable for in vivo analyses (ie SI duration, HR, MAP, RR) was analyzed using a two-way ANOVA with repeated measures with lactate and isomer as main factors and time as repeated measures. In the presence of significant main effects or main effect Â time interactions, post hoc tests were conducted to define the anatomical location of the effects using Tukey's HSD tests which corrects for multiple comparisons.
Because we have analyzed a large number of brain regions, we have taken several steps to minimize type I errors (ie detecting a difference when no difference exists). Data for each dependent variable (c-Fos, c-Fos/TH, TH, c-Fos/ChAT, ChAT, c-Fos/NeuN, and NeuN) were analyzed using a separate two-way ANOVA with repeated measures with lactate and isomer as main factors and brain region as a repeated measure. In the presence of significant main effects or main effect Â brain region interactions in the overall model, secondary two-way ANOVAs with lactate and isomer as main factors were conducted for each brain region counted. In the presence of appropriate and significant main effects or interactions in both the overall and secondary ANOVAs, post hoc pairwise comparisons were conducted to define the anatomical location of the effects using Tukey's HSD tests.
Since the full model in the two-way ANOVA with repeated measures cannot be estimated if there are missing values, missing values were handled according to the methods of Petersen (1985) . Calculated missing values were only used to conduct the overall multifactor ANOVA, and were not used for subsequent secondary ANOVAs, pairwise comparisons or in the report of the data. Details of missing values are described in Supplementary methods.
All statistical analyses were carried out using SYSTAT 5.02 (SYSTAT Inc., San Jose, CA) and SPSS 14.0 (SPSS Inc., Chicago, IL), and all graphs were generated using SigmaPlot 2001 (SPSS Inc.). Correlations were done for the number of c-Fos-ir cells and the SI duration or autonomic responses in all analyses. Only significant correlations are mentioned in the results.
Experiment 2: muscimol into the DMH/PeF of L-AG + lactate-treated rats. All rats (n ¼ 6) were treated with L-AG as previously described and received unilateral injections of 100 pmol muscimol, a GABA A receptor agonist, in aCSF, or 100 nl of aCSF alone (in random order) into the DMH/PeF (using a 33-gauge injector (Cat. no. C315I, Plastics One), which extended 1 mm past the 24-gauge cannula (Cat. no. C315G, Plastics One)) 30 min prior to 0.5 M sodium lactate infusions. A total of 48 h was allowed between randomized injections.
Experiment 3: muscimol into the BNST of L-AG + lactatetreated rats. All rats (n ¼ 5) were treated with L-AG into the DMH/PeF as previously described and received unilateral injections of muscimol or saline directed at the BNST 30 min prior to receiving i.v. infusions of 0.5 M sodium lactate. Stereotaxic coordinates relative to bregma for the BNST, using a 101 angle from the vertical plane with the incisor bar set at + 5 mm were: anterior + 1.0 mm, lateral + 2.5 mm and ventral À7.0 mm. On post-pump day 5, L-AGtreated rats were injected, in random order, with either aCSF (100 nl) or muscimol (250 pmol per 100 nl) directly into the BSNT (using a 33-gauge injector (Cat. no. C315I, Plastics One), which extended 1 mm past the 24-gauge cannula (Cat. no. C315G, Plastics One)). A total of 48 h was allowed between randomized injections.
Experiment 4: intraperitoneal atenolol in L-AG + lactatetreated rats. In order to confirm peripheral sympathetic contributions to panic-like cardiovascular responses, all rats (n ¼ 5) were treated with L-AG into the DMH/PeF as previously described and received intraperitoneal (i.p.) injections of 10 mg/kg atenolol 30 min prior to receiving i.v. infusions of 0.5 M sodium lactate. Cardiovascular data were obtained as previously described in the Materials and Methods section after rats received (1) 
A total of 48 h was allowed between each of the randomized infusions of saline + atenolol or lactate + atenolol or lactate alone.
RESULTS
Experiment 1: Cellular Responses in L-or D-AG Rats Following Lactate or Saline Challenge
Behavioral and cardio-respiratory responses in L-AG or D-AG-treated rats following i.v. challenges. Part of the physiological responses (maximal changes in HR and MAP following i.v. saline or sodium lactate infusions, before and after intra-DMH L-AG or D-AG infusions) from experiment 1 were published previously . In the present article, we wanted to determine the onset and duration of the cardiorespiratory responses following the sodium lactate infusions. We also present for the first time the SI test data and the RR data, which we were able to obtain as an indirect measurement following analysis of normal sinus arrhythmia. Rats with L-AG infusions into the DMH/PeF region for 5 days had less SI (an anxiogenic effect) in the SI test measured immediately after a 20 min i.v. infusion of either vehicle or sodium lactate compared to pre-pump baseline behavior and to D-AG control rats (( Figure 1a) , lactate Â isomer Â time interaction (F (1, 18) ¼ 9.7, p ¼ 0.006)). There were no significant differences in baseline SI times among treatment groups prior to either D-or L-AG infusions.
Between-subjects analyses revealed that rats with intra-DMH/PeF L-AG infusions, but not D-AG controls, responded to lactate infusions with hypertension ( Figure 1b ; lactate Â isomer Â time interaction (F (192, 285) ¼ 4.1, po0.001)), tachypnea ( Figure 1c ; lactate effect (F (3, 16) ¼ 4.0, po0.05)) and tachycardia (Figure 1d ; lactate Â isomer Â time interaction (F (12, 285) ¼ 2.6, po0.001)). Within-subjects analyses revealed that that only L-AG + lactate-treated rats had an increase in MAP (time effect, F (19, 80) ¼ 4.7, po0.001), and HR (time effect, F (19, 80) ¼ 1.7, po0.05) from baseline and an increase in RR (time effect, F (3, 16) ¼ 4.0, po0.05) over time following i.v. infusions. There were no differences in baseline HR, MAP, or RR among treatment groups prior to L-AG or after D-AG treatment (data not shown) and there was no change in the duration of SI (Figure 1a ) or cardiorespiratory arousal following lactate infusions in D-AG control rats (Figure 1b-d) .
All minipump cannulae placements resided in regions of the DMH/PeF and posterior hypothalamus known to be cardioexcitatory and also verified for each infusion site in the present study to be cardioexcitatory (see the Materials and Methods section). An illustration of the minipump placements for experiment 1 has been previously published . Some tissue damage at the site of implantation was noted due to the 26-gauge cannula (0.46 mm outside diameter), but this damage was equal in the control and experimental groups (data not shown). Previous analyses of the total numbers of NMDA and AMPA receptor-ir neurons in the DMH did not differ between the side of the DMH which had the cannula track compared to the intact DMH on the contralateral side . Overall this suggests that the tissue damage within the DMH was minimal. Therefore, any treatment effects are unlikely to be due to mechanical damage of the DMH due to the cannula.
Overall analyses of c-fos cell counts following single immunostaining in experiment 1. Brain regions analyzed for the number of c-Fos-ir nuclei were chosen based on previous studies implicating them in fear circuitry (Singewald and Sharp, 2000; Singewald et al, 2003) and central autonomic and/or osmotic regulation (see reviews (Johnson and Gross, 1993; Dampney, 1994) ). Analysis of the number of c-Fos-ir nuclei in all brain regions analyzed using two-factor ANOVA with repeated measures revealed a lactate (F (1, 19) 
Additionally, the effects of both lactate and isomer treatment on the number of c-Fos-ir cells were dependent on brain region (lactate Â brain region interaction (F (66, 1254) ¼ 6.9, po0.001); isomer Â brain region interaction (F (66, 1254) ¼ 3.3, po0.001)). Furthermore, a lactate Â isomer Â brain region interaction was observed ((F (66, 1254) ¼ 2.7, po0.001)). Overall, L-AG-treated rats, but not D-AG-treated rats, had altered c-Fos responses in some brain regions, but not others, in response to sodium lactate infusions. Detailed descriptions of these effects within each brain region are discussed below. Secondary two-way ANOVAs for each brain region with lactate and isomer as main factors are listed in Supplementary Table S1a-d.
Circumventricular organs implicated in 'sensing' sodium lactate.
Experiment 1: Lactate infusions increased the number of c-Fos-ir cells in the OVLT (Figure 2a-b) , subfornical organ (SFO) and area postrema (AP) in both L-AG-and D-AGtreated rats (Table 1) c-Fos responses in CNS regions implicated in regulating anxiety-like behavior.
Rostral BNST/LSV and BLA: Infusing L-AG in the DMH/ PeF, regardless of lactate challenge, increased the number of c-Fos-ir cells in the medial BNST (BSTM) and the ventral part of the lateral septum (LSV), but not in the rostral part of the lateral BNST (BSTL) following exposure to the SI test, compared to D-AG-treated rats (Table 1) . Furthermore, analysis of data from all rats in the study revealed that c-Fos responses in the BSTM were inversely correlated with the change in the duration of SI from pre-intra-DMH/PeF to post-intra-DMH/PeF infusions (see Supplementary results for details).
Cellular c-Fos responses in the caudal basolateral amygdala (BLA) were similar to the patterns observed in the BSTM. Here, L-AG treatment and exposure to the SI test, irrespective of lactate challenge, increased the number of c-Fos-ir cells (Table 1) Table 1 and Supplementary Table S2) .
Although c-Fos responses to lactate + L-AG tended to occur throughout the rostro-caudal extent of the amygdala (with the exception being the BLA, where responses were clearly restricted to the caudal part of the nucleus), these responses did not reach statistical significance at all levels nor did they correlate with changes in SI behavior or cardio-respiratory responses.
Dorsomedial medulla (DMM) systems (nTS, DMV):
As observed in the lDMH, rats with lactate infusions had increased c-Fos responses within the DMM (ie nTS, dorsal motor nucleus of the vagus (DMV)) of 'panic-prone' (L-AGtreated) rats but not D-AG-treated rats (Table 1 and Supplementary Figure S2c 33 ± 7 7 4 ± 14 18 ± 4 144 ± 29b,c wz' (À14.20 mm bregma) 11 ± 2 3 3 ± 13 14 ± 7 4 9 ± 20 DMV (À13.68 mm bregma) 6 ± 2 1 7 ± 6 4 ± 2 2 9 ± 14 # Abbreviations: AP, area postrema; AG, allylglycine; BLA, basolateral amygdala; BSTL, the lateral BNST; BSTM, the medial BNST; DMH, dorsomedial hypothalamus; DMV, dorsal motor nucleus of the vagus; LSV, ventral part of the lateral septum; nTS, nucleus of the solitary tract; OVLT, organum vasculosum of the lamina terminalis; PBN, parabrachial nucleus; PVN, paraventricular hypothalamic nucleus; RPa, raphe pallidus; SFO, subfornical organ; SON, supraoptic nucleus. Table 2b ). However, these increases in c-Fos were not occurring in ChAT-ir neurons in either the DMV or Amb (Table 2b and Figure 3a -b, respectively). No differences in the total numbers of ChATir cells within the DMV or Amb were observed among treatment groups.
To determine if the increases in c-Fos expression in these regions were in local GABAergic inhibitory neurons, we performed double immunostaining for GAD67 and c-Fos. Dense synaptic bouton-like staining, as evidenced by small GAD67-ir granules, made visualizing and accurately counting c-Fos/GAD67 double-ir cells difficult and thus a quantitative analysis was not performed. However, there were examples of c-Fos/GAD67-ir cells noted in the nTS of L-AG + lactate-treated rats (Figure 3c ).
Paraventricular hypothalamic nucleus (PVN) and supraoptic nucleus (SON):
Within the PVN, L-AG + lactate-treated rats had increased c-Fos responses in the dorsal cap and ventral PVN (PaDC and PaV, respectively; Table 1 and Supplementary Figure S3a Table 1 ). An estimation of c-Fos induction in neurons in a brain region that showed a robust L-AG + lactate effect (ie the PBN) revealed that L-AG + lactate induction of c-Fos in the ventrolateral PBN was exclusively occurring in neurons (see Supplementary Table S1d and Table 2c ). There was no evidence for increased c-Fos expression in non-neuronal cells.
Other CNS regions that were non-responsive or where responses did not correlate with panic-like responses: Surprisingly, no subdivision of the midbrain periaqueductal gray (PAG), or ventrolateral medulla (ie Amb, PreBo, LRt, LPGi, caudal ventrolateral medulla (CVLM), and rostroventrolateral medulla (RVLM) (with the exception of C1 adrenergic neurons)) responded to any independent variable (see Supplementary Table S3 ). An increased c-Fos response was observed in the raphe pallidus (RPa) in response to lactate, but only in D-AG-treated control rats (see Table 1 ). As predicted control sites such as the hypoglossal nucleus (12) expressed low levels of c-Fos in all treatment groups (see Table 1 ).
Pontine and medullary noradrenergic and adrenergic systems: Lactate-treated rats had altered c-Fos responses in specific noradrenergic and adrenergic (TH-ir) cell groups involved in central autonomic control. Overall, the numbers of TH-ir neurons within neuronal cell groups were largely unaffected by either L-AG or lactate infusion (Table 2a and  Supplementary Table S4) .
Lactate infusions increased the number of c-Fos/TH-ir neurons in the A6 cell group (LC) at À10.04 mm bregma in D-AG-, but not L-AG, -treated rats (Table 2a and   Supplementary Table S4 , Figure 3d ). Neither lactate nor L-AG infusions altered the number of c-Fos/TH-ir neurons in any other pontine noradrenergic cell group (see Supplementary Figure S1 ).
Lactate infusions increased the number of c-Fos/TH-ir neurons throughout the rostrocaudal extent of both the C1 (located in the RVLM; Table 2a, Figure 3e and Supplementary Table S4 ) and C2 (located in the DMM; Table 2a and Supplementary Table S4 ) cell groups in both L-AG-and D-AG-treated rats. Neither L-AG nor lactate altered the number of c-Fos/TH-ir neurons in the C3, A1/C1, or A1 cell groups (see Supplementary Figure S1 ).
Intra-and inter-rater analyses of c-Fos-ir cell counts:
Intra-and inter-rater analyses of c-Fos-ir cell counts for the OVLT and the CeA revealed that correlations between cell counts were highly significant. The intra-rater analyses of c-Fos counts revealed an r 2 ¼ 0.94, po0.001 for the OVLT; r 2 ¼ 0.97 and po0.001 for the CeA. The inter-rater analyses of c-Fos counts revealed an r 2 ¼ 0.88, po0.001 for the OVLT and an r 2 ¼ 0.98, po0.001 for the CeA (data not shown). 
Experiment 3: The BNST Regulates Anxiety-like Responses in Panic Model
To determine if excitation of the BNST is involved with the anxiety-like responses but not cardiorespiratory responses to sodium lactate challenge in L-AG-treated rats, muscimol or vehicle injections were administered to the BNST 30 min prior to a lactate challenge in L-AG-treated rats. As reported in experiments 1-3, L-AG-treated rats had reduced SI duration (F (2, 11) ¼ 6.0, p ¼ 0.017, n ¼ 5) and increased HR (F (2, 11) ¼ 9.3, p ¼ 0.004, n ¼ 5) and RR (F (2, 3) ¼ 24.5, p ¼ 0.014, n ¼ 2) but not MAP (F (2, 10) ¼ 3.3, p ¼ 0.078, n ¼ 4) in response to lactate, compared to pre-L-AG baseline measurements (Figure 4c ). Post hoc tests revealed that unilateral injections of 250 pmol muscimol (100 nl), but not vehicle, into the BNST blocked L-AG-induced decreases in SI duration in the presence of lactate but had no effect on lactate-induced increases in HR or RR in L-AG-treated rats (Figure 4c ). Histological examination confirmed successful implantation of cannulae in the DMH/PeF region (Figure 4d ) and in the BNST region (Figure 4e ).
Experiment 4: Intravenous Atenolol Infusions Block Tachycardia Responses
In order to verify that a peripheral sympathetic response occured in lactate + L-AG-treated rats, systemic application of the selective b1-adrenergic blocker, atenolol was administered i.p. prior to the lactate challenge in 'panicprone' (L-AG-treated) rats. As reported above, challenging L-AG-treated rats with lactate increased cardiovascular responses (MAP, time effect, F (19, 100) ¼ 3.3, po0.001 (5 min baseline + 15 min post-infusion); HR, time effect, F (9, 50) ¼ 3.2, po0.005 (only when comparing 5 min baseline + 5 min post-infusion)) (see Supplementary Figure S4a Figure S4c) .
DISCUSSION DMH/PeF as one Putative site Coordinating Panic-Like Responses
The hypothalamus has long been implicated in generating a coordinated emotional arousal (see review (DiMicco et al, 2002) ). More specifically, blockade of inhibitory GABA neurotransmission in the DMH/PeF elicits increases in HR and RR, BP, plasma catecholamine, adrenocorticotrophic hormone, and corticosterone concentrations, intestinal and colonic motility, and a pattern of peripheral blood flow that is similar to the pattern of peripheral blood flow during the defense reaction (see review (DiMicco et al, 2002) ). This pattern of autonomic responses is similar to that seen during panic attacks in humans (Liebowitz et al, 1986) . In addition to the autonomic, respiratory, and endocrine responses, activation of the DMH/PeF also elicits escape behaviors , selective enhancement of fear responses and anxiety-like behavior as measured by the conflict (Shekhar et al, 1990) , EPM (Shekhar, 1993) and SI tests (Shekhar and Katner, 1995) in rats. The known neuroanatomical connections of the DMH/PeF are consistent with its proposed key integrative role in anxiety and panic-like responses. Thus, DMH/PeF contains a neuronal system which is essential for behavioral and cardiorespiratory responses associated with emotional arousal. A defect in such a regulatory mechanism could result in susceptibility to panic attacks. In support of these hypotheses, we previously demonstrated in experiment 1 that only panic-prone rats infused with sodium lactate had increased cellular responses in the DMH/PeF which also correlated with cardio-respiratory responses . We have previously demonstrated that the increased cellular responses in the DMH/ PeF are almost exclusively occurring in NMDA, but not AMPA, receptor subunit expressing cells, with a morphology (ie size and shape) consistent with a neuronal phenotype . Since most glia express AMPA receptor subunits, this suggests that the cFos induction in the DMH/PeF is occurring in a unique set of neurons (Seifert et al, 1997) . Furthermore, injecting specific NMDA receptor antagonists into the DMH of L-AGtreated rats prior to a lactate challenge blocks all anxietylike behavioral and panic-like cardiorespiratory responses . The neurotransmitter phenotype of these DMH cells remains uncertain, but there are some enticing candidates which may be involved. Neurons that synthesize the neuropeptide orexin express the NMDA receptor (see review (Winsky-Sommerer et al, 2004) ) and are only found in the DMH and adjacent hypothalamus (Peyron et al, 1998) . Central orexin production is critical for maintaining wakefulness and wakefulness and vigilance (see review (Sakurai, 2007) ) and orexin has been demonstrated to mobilize centrally mediated sympathetic responses (Ferguson and Samson, 2003) which is a key component of panic. Overall, this suggests that chronic infusions of L-AG into the DMH/PeF are inducing panic-prone states by making the DMH/PeF susceptible to mobilize panic-like responses to a subthreshold interoceptive cue (ie 0.5 M sodium lactate). In the present article, this was verified in experiment 2 by injecting muscimol into the DMH/PeF of L-AG-treated rats prior to lactate and blocking all aspects of L-AG + lactate-induced panic-like responses. Therefore, the present study clearly demonstrates a critical role for the DMH/PeF region in acutely eliciting panic-like responses following lactate infusions.
Pathways for Lactate-Induced Panic-Like Responses
A critical component underlying sodium lactate's ability to induce panic-like cardiorespiratory responses in this panic model involves interactions between the CVOs (OVLT/ SFO), areas in the CNS that lack a blood-brain barrier and therefore serve as 'sensors' of changes in osmolarity, pH and other plasma parameters (Johnson and Gross, 1993) , and the DMH/PeF which is a major target of these CVOs (Thompson and Swanson, 1998) . Based on this, neurons in the CVOs are likely to react to sodium lactate infusions (Johnson and Gross, 1993) and propagate this signal to the DMH/PeF in both L-AG-and D-AG-treated rats. As predicted, the lactate challenge increased c-Fos responses in the OVLT of panic-prone and non-panic-prone rats equally. This suggests that the sodium lactate signal is being relayed to the DMH/PeF regardless of D-AG or L-AG treatment. This also suggests that in D-AG-treated rats with intact GABAergic tone in the DMH, the subthreshold dose of sodium lactate is not sufficient to activate the DMH. However, in L-AG-treated rats with compromised GABAergic tone in the DMH/PeF, this subthreshold signal is sufficient to activate the DMH where the signal is then further propagated to efferent targets implicated in anxiety and central autonomic control. The effect of L-AG in the hypothalamus may be specific to the DMH/PeF since we previously demonstrated that infusing L-AG into the other surrounding regions (ie the paraventricular nucleus of the hypothalamus) does not induce panic-like responses following a sodium lactate challenge (Shekhar et al, 1996) . The importance of the OVLT in the DMH/PeF panic model was previously demonstrated in a previous article where injections of a small amount (100 nl) of lactate directly into the OVLT/AV3V region of panic-prone rats (L-AG treated), but not D-AG-treated controls, elicited panic-like responses (Shekhar and Keim, 1997) . Furthermore, injecting tetrodotoxin (a voltage gated sodium channel blocker) into the OVLT region of panic-prone rats blocked i.v. lactateinduced panic-like responses (Shekhar and Keim, 1997) . Overall, the OVLT/AV3V region appears to be an important site for 'sensing' plasma sodium lactate and relaying the signal to the DMH/PeF.
A subset of DMH/PeF efferent pathways appears to be activated during the panic-like response induced by lactate infusions. Among the forebrain limbic structures, the BNST, LSV, and several subnuclei of the amygdala were selectively activated during panic-like responses. The c-Fos induction in the rostral BNST region correlated strongly with anxietylike responses, whereas c-Fos induction in the caudal BNST correlated with panic-like cardiovascular responses. Although other studies have demonstrated that the BNST regulates anxiety-like behavior (Sajdyk et al, 2007) and autonomic activity (Crestani et al, 2007) , the BNST's role may depend on the context. In the present article, a subsequent experiment (ie experiment 3) demonstrated that inactivation of the rostro-caudal BNST region (see Figure 4 ) with acute muscimol injections selectively blocked the anxiogenic effects of the lactate + L-AG infusions without affecting the cardiorespiratory activation, providing strong support for the hypothesis that the BNST selectively regulates anxiety behavior, but not panic-like cardiorespiratory responses in the panic model presented here (see Figure 5a for a hypothetical model).
Although fear conditioning has not been studied in this panic model, the strong CeA responses in rats displaying increased cardiorespiratory responses could potentially be involved in laying down conditioned fear memory (see review (Davis and Shi, 1999) ) that may be analogous to secondary phobia following initial panic attacks in panic disorder patients (Starcevic et al, 1993, a, b; ) . Therefore, we plan in future studies to test for fear conditioning in this model (eg using conditioned place-avoidance (Thielen and Shekhar, 2002) ) and, in the case that conditioning is occurring, explore the role of the CeA in this conditioning. A final comment is that removing GABAergic tone in the DMH was sufficient to increase anxiety-like behavior and the threshold of anxiety remained high following the lactate challenge. Future studies may try and determine if L-AG + lactate elicit other stress-related behaviors that correlate with panic-like cardiorespiratory responses (eg fear associated behavior).
The tachypnea noted after lactate infusions most likely is a result of activating one of several respiratory rhythm generators in the brainstem. In the present study, the PBN was the only major respiratory center that clearly responded during panic-like responses. There is ample anatomical evidence that DMH/PeF neurons project to PBN and therefore could stimulate respiration (Chamberlin and Saper, 1994; Chen et al, 2004) .
The finding that systemic injections of atenolol (a b1 adrenergic receptor antagonist) prevented L-AG + lactateinduced tachycardia supports the hypothesis that peripheral sympathetic mechanisms contribute to tachycardia and hypertensive responses during lactate-induced panic. Further analyses of c-Fos responses revealed that discrete brain regions involved in sympathetic and parasympathetic regulation were positively correlated with cardiovascular responses (see Table 1 ). These regions included the dorsal cap of the PVN (ie PaDC), SON, PBN, CeA, caudal BNST, and the rostral nTS. Some of the other autonomic regulatory sites responded to lactate infusion (ie RPa, LC noradrenergic, and C1 and C2 adrenergic neurons), while yet other brainstem regions associated with sympathetic mobilization failed to respond to lactate or L-AG (eg subdivisions of the PAG, etc). In light of the data presented here, there are several ways the DMH could potentially induce cardioexcitatory responses following lactate infusions in L-AG-treated rats (see Figure 5b -c for a hypothetical model for DMHmediated cardioexcitatory responses). The DMH/PeF could drive hypertensive responses at efferent targets, such as the PaDC, SON, RVLM, or sympathetic regions of the spinal cord. The DMH/PeF directly innervates the PaDC, SON (Thompson and Swanson, 1998) , and also sympathetic regions of the spinal cord (Hosoya et al, 1987) . Neurons in the PaDC also directly innervate sympathetic regions of the spinal cord (Saper et al, 1976 ). Yet another explanation is that C1 adrenergic neurons were firing at a higher rate in lactate + L-AG-treated rats, relative to lactate + D-AG-treated rats, even though lactate induced a similar level of c-Fos expression in C1 adrenergic neurons in the RVLM similarly in both D-AG and L-AG-treated rats challenged with lactate. Consistent with a role for the RVLM/C1 adrenergic cell groups in DMH/PeF-mediated cardiovascular responses, pressor responses, elicited from disinhibition of the DMH, can be severely attenuated by microinjecting muscimol into the RVLM (Fontes et al, 2001) . Tachycardia responses following L-AG + lactate infusions are most likely being mobilized by a combination of direct and indirect projections from the DMH/PeF to sympathetic preganglionic neurons.
In order for the sympathetic limb of the autonomic nervous system to simultaneously induce hypertension and tachycardia, the baroreflex mechanism which stimulates vagal parasympathetic output and inhibits the sympathetic output needs to be desensitized (see review (McDowall et al, 2006) ). Within the DMM (a region that is critical for the baroreflex (Catelli and Sved, 1988) and contains parasympathetic motor neurons), infusions of lactate increased c-Fos-ir cells in the nTS but only in L-AG-treated rats. However, increased c-Fos responses in the DMM were not occurring in parasympathetic preganglionic acetylcholinergic neurons (DMV and Amb), or other regions involved in the baroreflex-mediated sympathetic inhibition (eg CVLM) (Chan and Sawchenko, 1998) . The DMH directly innervates the nTS (Fontes et al, 2001) , and electrical or chemical (see review (McDowall et al, 2006) ) stimulation of the DMH decreases the sensitivity of the baroreflex through a GABAergic mechanism in the nTS/DMV (Jordan et al, 1988) . This circuit represents an adaptive means of inhibiting the baroreflex during 'fight or flight' responses and exercise (Potts et al, 2003) . The nTS contains numerous GABAergic neurons (Fong et al, 2005) which could be dampening parasympathetic activity by inhibiting acetylcholinergic vagal preganglionic neurons. This notion is supported by recent evidence that stimulation of nTS neurons in vitro inhibits DMV neurons (Davis et al, 2003; Sevoz-Couche et al, 2003) . Therefore, the increased c-Fos-ir cells in the nTS could be occurring in local GABAergic neurons. We demonstrated this with double immunohistochemistry where c-Fos/GAD67-ir neurons were noted in L-AG + lactate-treated rats, even though intense GAD67-ir fibers in the nTS and DMV prevented quantification of double immunostaining.
The finding that panic-related conditions may be a result of parasympathetic and sympathetic imbalance, and baroreflex disruption is not surprising (see review (Friedman and Thayer, 1998) ). Panic disorder patients have higher baseline HR than controls (Gorman et al, 1983; Nesse et al, 1984) and electrocardiograms in panic disorder patients reveal sympathetic dominance and parasympathetic withdrawal (Hamada et al, 1998; McCraty et al, 2001) . Panic disorder patients also show disrupted baroreceptor function that persists even when they are in remission (Shioiri et al, 2005) . Also, supporting disruption of GABA function in panic disorder are data showing that genetic polymorphisms in the GAD genes are associated with vulnerability to panic disorder (Hettema et al, 2005) . Moreover, GABA enhancers such as benzodiazepine agonists attenuate sodium lactate-induced panic-related responses in panic patients (Pohl et al, 1994) , and panic patients demonstrate deficits in central GABA concentrations (Goddard et al, 2001 ).
Technical considerations. It is not certain whether the present anxiety-like responses and cardioexcitatory physiological responses of rats are equivalent to anxiety and panic attacks in humans, respectively. Furthermore, one must use caution when interpreting neural circuitry data based on immediate-early gene induction (Morgan and Curran, 1989) . For example, it is possible that supraspinal efferent pathways from the DMH (eg PAG) were involved in sympathoexcitatory responses even though no differences in the numbers of c-Fos-ir cells were observed. The phenotype of the cells (ie neuronal or glial-like) that expressed c-Fos as a result of L-AG and/or lactate cannot be distinguished from nuclear immunostaining for c-Fos alone. Therefore, attempts were made to identify the extent of c-Fos induction in phenotypically characterized neurons in efferent targets of the DMH/PeF that responded to L-AG and/or lactate. This was done using counterstaining for enzymes restricted to neurons (ie TH, ChAT and GAD67) and proteins expressed in the vast majority of neurons of adult rodents (ie NeuN in the PBN (Mullen et al, 1992) ). Although identification of c-Fos induction in neurons vs glia could not be conducted in all brain areas in the same group of animals due to limitations of total tissue available, several lines of evidence above demonstrate that at every site we have studied with additional markers, the c-Fos expression has been predominantly seen in the neuronal populations.
Conclusion. The present study demonstrates that selective loss of GABAergic inhibition in critical emotion-regulating regions such as the DMH/PeF region results in lactateinduced panic responses similar to those observed in human panic disorder patients. We provide evidence that lactate infusions activate a compromised DMH/PeF region that in turn activates forebrain limbic structures, including the BNST, that elicit anxiety-related behavioral responses. In addition, data from the present study are consistent with the hypothesis that activation of the DMH/PeF region leads secondarily to activation of specific brainstem nuclei to increase anxiety-related behavior and respiration and to densensitize the baroreflex, thus allowing sympathetically mediated tachycardia responses.
